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The non-unitarity of the leptonic mixing matrix is a generic signal of new physics aiming
at the generation of the observed neutrino masses. We discuss the Minimal Unitarity
Violation (MUV) scheme, an effective field theory framework which represents the class
of extensions of the Standard Model (SM) by heavy neutral leptons, and discuss the
present bounds on the non-unitarity parameters as well as estimates for the sensitivity
of the CEPC, based on the performance parameters from the preCDR.
1. Introduction
The experimental results on neutrino oscillations have unambiguously shown that
at least two of the three known SM neutrinos are massive. However, the mass gener-
ating mechanism is still unknown and constitutes one of the great open questions in
particle physics. At present, no experimental evidence exists to tell us which among
the various possible extensions of the SM to realise the observed neutrino masses is
realised in nature.
One of the best-motivated extensions of the SM to generate the masses for the
SM neutrinos consists in adding sterile neutrinos to the SM particle content, which
are often also referred to as “gauge singlet fermions”, “heavy neutral leptons” or
simply “heavy” or “right-handed” neutrinos.
When the sterile neutrinos are much heavier than the energy scale of a given
experiment, only the light neutrinos propagate, which implies that the experiments
are sensitive to an “effective leptonic mixing matrix”. This effective leptonic mixing
matrix is given by a submatrix of the full unitary leptonic mixing matrix, and thus
is in general not unitary. The new physics effects within this class of SM extensions
can be described in a model independent way by the effective theory framework of
the Minimal Unitarity Violation (MUV) scheme.1
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In this article, we discuss the expected sensitivity of the Circular Electron
Positron Collider (CEPC) and other present and future experiments for probing
the non-unitarity of the leptonic mixing matrix in the MUV scheme, updating some
of our results2 to account for the performance parameters from the CEPC preCDR.
2. Origin of non-unitarity of the leptonic mixing matrix
A very general effective description of leptonic non-unitarity in scenarios with an
arbitrary number of sterile neutrinos is given by the Minimal Unitarity Violation
(MUV) scheme.1 It describes the generic situation that the left-handed neutrinos
mix with other neutral fermionic fields that are much heavier than the energy scale
where the considered experiments are performed.
Adding n sterile neutrinos to the SM, the resulting generalized “seesaw extension
of the SM” is given by
L = LSM − 1
2
N IRM
N
IJN
c J
R − (yνα)IαN IRφ˜†Lα + H.c. , (1)
where the N IR (I = 1, ..., n) are sterile neutrinos, φ˜ := iτ2φ
∗ and Lα is the lepton
doublet. φ denotes the SM Higgs doublet field, which breaks the electroweak (EW)
symmetry spontaneously by acquiring a vacuum expectation value vEW = 246.44
GeV in its neutral component.
When the mass scale of the sterile neutrinos, denoted by M in the following, is
much larger than vEW, the N
I
R can be integrated out of the theory below M and
an effective theory emerges which contains the effective dimension 5 and dimension
6 operators δLd=5 and δLd=6. The SM extended by these two effective operators
defines the MUV scheme.
The operator δLd=5 generates the masses of the light neutrinos after electroweak
symmetry breaking, and is given by
δLd=5 = 1
2
cd=5αβ
(
Lcαφ˜
∗
)(
φ˜† Lβ
)
+ H.c. , (2)
The second effective operator
δLd=6 = cd=6αβ
(
Lαφ˜
)
i∂
(
φ˜†Lβ
)
(3)
generates a contribution to the kinetic terms of the neutrinos (and only the neu-
trinos) after EW symmetry breaking. Canonically normalising the kinetic terms in
general involves a transformation of the neutrino fields by a non-unitary matrix and
leads to a non-unitary (effective) leptonic mixing matrix (see, e.g., references1,3, 4).
The coefficient matrix in the definition of δLd=5, (cf. eq. (2),) can be connected
to the parameters of the seesaw extension of the SM by:
cd=5αβ = (y
T
ν )αI(MN )
−1
IJ (yν)Jβ . (4)
After EW symmetry breaking, δLd=5 generates the mass matrix of the light neu-
trinos:
(mν)αβ = −v
2
EW
2
cd=5αβ , (5)
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which corresponds to the usual (generalised) seesaw formula. The coefficient matrix
for the dimension 6 operator, i.e. cd=6αβ in eq. (3), is related to the sterile neutrino
parameters by (cf. reference [5])
cd=6αβ =
y∗ναyνβ
M2
. (6)
After EW symmetry breaking and the canonical normalisation of the neutrino ki-
netic terms, the unitary mixing matrix in the lepton sector is modified to the (ef-
fective) non-unitary leptonic mixing matrix N . N is related to cd=6αβ via:
(NN †)−1αβ − 1αβ =
v2EW
2
cd=6αβ . (7)
One can use the Hermitean matrix ε (with small entries) to parametrise the devia-
tion of the leptonic mixing matrix N from unitarity by defining
(NN †)αβ = 1αβ + εαβ . (8)
The matrix elements εαβ are related to c
d=6
αβ by
εαβ = −v
2
EW
2
cd=6αβ , (9)
up to higher order terms in the small elements εαβ .
In the MUV scheme, the charged and neutral EW currents are modified as:
j±µ = ¯`αγµNαjνj + H.c. , j0µ = ν¯i (N †N )ij γµνj , (10)
where `α denote the charged leptons and the νi, νj denote the light neutrino mass
eigenstates (i, j ∈ {1, 2, 3}). These modifications can lead to various observable
effects, which allow to test the non-unitarity of the leptonic mixing matrix experi-
mentally, as we will now discuss.
3. Electroweak Precision Observables
Due to the modifications of the EW interactions, the presence of sterile neutrinos
changes the theory predictions for the Electroweak Precision Observables (EWPOs).
For calculating the prediction in the MUV scheme we make use of the high precision
of the most accurately measured6 parameters:
α(mz)
−1 = 127.944(14) ,
GF = 1.1663787(6) × 10−5GeV−2 ,
mZ = 91.1875(21) ,
(11)
where mZ denotes the Z pole mass, α the fine structure constant and GF the Fermi
constant.
The parameters α and mZ are not modified in the presence of sterile neutrinos
(i.e. within MUV). The Fermi constant GF , however, is measured from muon decay,
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which is sensitive to the charged current interactions (cf. eq. (10)). The experimen-
tally measured quantity is the muon decay constant Gµ, which, in the MUV scheme,
has the following tree level relation to GF :
G2µ = G
2
F (NN †)µµ(NN †)ee , (12)
where we have assumed that M > mµ and N is the non-unitary leptonic (PMNS)
mixing matrix. This is very important since the Fermi constant enters the theory
predictions for most EWPOs. For a list of modifications of the EWPOs, see reference
[2] and the references therein.
4. Universality tests and low energy precision observables
In addition to the EWPOs, also the lepton universality tests from W decays at the
CEPC will be very powerful probes of leptonic non-unitarity. Furthermore, various
low energy precision observables are very relevant:2
• The lepton universality observables are given by the ratios of decay rates:
RXαβ = Γ
X
α /Γ
X
β , where Γ
X
α denotes a decay width including a charged lepton
`α and a neutrino. In the SM, R
X
αβ = 1 holds for all α, β,X, which is
generally called lepton universality. In our analysis, we consider the low
energy measurements of pi, µ, τ, K and W decays from experiments, which
are very precise probes of the charged current as defined in eq. (10).
• Strong constraints on the non-unitarity of leptonic mixing can also be ob-
tained from measurements of rare lepton flavour violating processes, in par-
ticular from the searches for charged lepton decays `ρ → `σγ. The presently
strongest constraint comes from the MEG collaboration7 with the upper
bound on the process µ → eγ ≤ 5.7 × 10−13. Such experiments however
probe only the off-diagonal non-unitarity parameters
• The very precise measurements of meson decays are used to determine the
unitarity of the first row of the CKM matrix. The unitarity condition on
the CKM matrix implies strong bounds on the modification of the weak
currents in eq. (10) and thus on the non-unitarity parameters.
• The modified theory prediction of the weak mixing angle can be constrained
by the results from the NuTeV experiment, which measured deep inelastic
scattering of a neutrino beam off a nucleon. The initially significant devia-
tion8 from the LEP measurement has been reinvestigated (cf. Ref. [9]) with
the effect that the tension with other precision data was removed.
• In our analysis, we furthermore include low energy measurements of parity
violation from the weak currents at energies far below the Z boson mass.
This approach can allow to measure the weak mixing angle with a precision
below the percent level, see e.g. the reviews10,11 for an overview. Currently,
the best measured values for the weak mixing angle at low energies come
from the determination of the weak charge of Caesium12 and of the pro-
ton,13 and the parity violating asymmetry in Møller scattering.11
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4.1. Present constraints from a global fit
We performed a Markov Chain Monte Carlo fit of the relevant six non-unitarity
parameters in the Minimal Unitarity Violation (MUV), including the correlations
between the observables.a Our global analysis yields the following highest posterior
density (HPD) intervals at 68% (1σ) Bayesian confidence level (CL):2
ee = −0.0012± 0.0006
|µµ| < 0.00023
ττ = −0.0025± 0.0017
|eµ| < 0.7× 10−5
|eτ | < 0.00135
|µτ | < 0.00048 ,
(13)
We remark that the moduli of the off-diagonal elements are generally restricted by
the triangle inequality which implies:16
|εαβ | ≤
√
|εαα||εββ | . (14)
We found that the best fit points for the off-diagonal εαβ and for εµµ are at zero.
At 90% CL, the constraints on the non-unitary PMNS matrix are:
∣∣∣NN †∣∣∣ =
 0.9979− 0.9998 < 10−5 < 0.0021< 10−5 0.9996− 1.0 < 0.0008
< 0.0021 < 0.0008 0.9947− 1.0
 . (15)
Our result show that non-zero εee and εττ improve the fit to the data, while the
best-fit value for εµµ is zero. We note, that negative εαα were imposed as prior in
the analysis (as required in the MUV scheme).
In our fit, it turned out that the experimental bounds on εeτ and εµτ are com-
parable to those from eq. (14). It is interesting to remark that a future observation
of rare tau decays beyond the level allowed by the triangle inequality, or a strong
experimental indication of a positive εαα, has the potential to rule out the MUV
scheme.
5. Improved sensitivity to leptonic non-unitarity at the CEPC
As we will now discuss, the CEPC would provide excellent sensitivity to the non-
unitarity of the leptonic mixing matrix, in particular via improved measurements
of the Electroweak Precision Observables (EWPOs) and via universality tests using
the leptonic decays of the large W boson sample.
5.1. Sensitivity via EWPOs
The modifications of the theory predictions for the EWPOs depend on the sum
|εee|+ |εµµ| and on |εττ |. In order to estimate the possible sensitivity of the CEPC,
we show the estimated precision for the EWPOs in the table below, based on the
aWe note that the phases of the complex off-diagonal non-unitarity parameters can be probed by
future neutrino oscillation experiments.14,15 Also note that within the MUV scheme, the diagonal
non-unitarity parameters are real and ≤ 0.
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Fig. 1. Exclusion limits on the |εττ | and |εee|+ |εµµ| at 90% confidence level (updated version of
the figure from reference2). The solid blue line denotes the present experimental precision of the
EWPOs from LEP, while the dashed blue line denotes the present theory uncertainty. The solid
yellow line corresponds to the estimated precision of the CEPC.
preCDR. Note that we consider the projected systematic uncertainties rather than
the statistical ones, which could be much smaller. The theory uncertainties are set
to zero unless stated otherwise.
Observable LEP precision from CEPC preCDR
MW [MeV] 33 3
sin2 θeffW 0.07% 0.01%
Rb 0.3% 0.08%
Rc 0.3% 0.07%
Rinv 0.27% 8.9×10−4
R` 0.1% 0.1%
Γ` 0.1% 0.1%
σ0h [nb] 8.9 ×10−4 1 ×10−4
The estimated sensitivity for the (combination of) non-unitarity parameters
|εee| + |εµµ| and |εττ | is shown in Fig. 1, at the 90% confidence level, by the solid
yellow line. The solid blue line denotes the present constraints from LEP and the
dashed blue line denotes the limit from the present theory uncertainty. The sen-
sitivity of the CEPC to |εee| + |εµµ| of ∼ 2 × 10−4 can be translated via eq. (6)
into a mass for the “sterile” or “right-handed” neutrino of ∼ 12 TeV, for Yukawa
couplings of order one.
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5.2. Sensitivities via lepton universality tests
In order to estimate the sensitivities of the CEPC and other planned future exper-
iments to leptonic non-unitarity via universality tests, we use the following perfor-
mance parameters:
Observable R` Rpi RK Br(W → `ν)
Precision 0.001 0.001 0.004 0.0003
Experiment Tau factories18 TRIUMF,19 PSI20 NA6221 CEPC17
The prediction for the universality observables in the MUV scheme depends
on the differences between the diagonal non-unitarity parameters. We choose the
following differences as parameters:
∆τµ := εττ − εµµ and ∆µe := εµµ − εee . (16)
The exclusion sensitivity contours for the two combinations of non-unitarity param-
eters at 90 % CL is shown in fig. 2. The blue line represents the current constraints,
while the improvements by the planned low energy experiments are shown by the
orange line. The estimated sensitivity of the CEPC (with 108 W decays), combined
with the future low energy experiments, is represented by the green line.
5.3. Expected improvements from charged lepton flavour violation
and neutrino oscillation experiments
In the fit to the present data, the experimental constraint on the charged lepton
flavour violating (cLFV) decay µ → eγ from MEG7 drives the strong bound on
the non-unitarity parameter |εeµ|. Future tests of cLFV will provide a substan-
tial improvement in precision. For example, the sensitivity of the PRISM/PRIME
project22 and a Mu2e upgrade23 could achieve a sensitivity of |εeµ| ∼ 3.6× 10−7.
Furthermore, the precision to the branching ratio for the cLFV tau decay τ →
eγ is expected to improve to 10−9 at SuperKEKB,24 which leads to an improved
sensitivity of |εeτ | ∼ 1.5×10−3. Finally, we remark that a sensitivity to the phases of
the parameters could be achieved in neutrino oscillation experiments, as discussed
in Refs. [14, 15] within the MUV scheme.
6. Discussion and Conclusions
In this article, we have reviewed and partly updated the results from our previous
work2 where we have investigated the potential of future lepton colliders, such as the
CEPC, for testing the non-unitarity of the leptonic mixing matrix. As framework
we considered the Minimal Unitarity Violation (MUV) scheme, which is an effective
field theory description of extensions of the SM by “heavy” sterile neutrinos.
For “heavy” sterile neutrinos, i.e. with masses much larger than the EW scale,
we presented the results for the present constraints on the non-unitarity parameters
from a global fit in the MUV scheme. Although the present electroweak precision
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Fig. 2. Exclusion limits at 90% confidence level.2 The blue line denotes the present experimental
exclusion limits, the orange line represents the estimated improvements18–21,25 in the low energy
sector. The green line includes the estimated improvement from W → `α decays at the CEPC.
data favours sterile neutrinos with active-sterile mixing |θe|2 = O(10−3) at the 2σ
level, which might be a first hint at the existence of sterile neutrinos, we rather view
the constraints on the non-unitarity parameters at the 90% Bayesian confidence level
as the main conclusion from the fit to the present data.
Future experiments have the potential to push the search for new physics (such
as sterile neutrinos) via the non-unitarity of the leptonic mixing matrix to a new
level. A very high sensitivity to |εee| + |εµµ| and |εττ | down to ∼ 2 × 10−4 and
∼ 10−3, respectively, can be achieved via the precision measurements of the EWPOs
at the CEPC. Also the universality tests in W decays at the CEPC would be very
powerful, and can yield a sensitivity to the differences of the diagonal non-unitarity
parameters down to ∼ 10−3. Furthermore, complementary experiments, for instance
on cLFV and on neutrino oscillations, could probe very sensitively the off-diagonal
flavour-violating non-unitarity parameters.
In summary, the CEPC would be a powerful experiment to probe the non-
unitarity of the leptonic mixing matrix and thereby search for new physics beyond
the SM (such as sterile neutrinos) needed to explain the observed masses of the
light neutrinos.
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